Introduction
============

Clathrin-mediated endocytosis is initiated when a ligand binds to its receptor at the plasma membrane (PM), and the bound receptor is sorted into clathrin-coated vesicles by endocytic adaptor proteins ([@bib58]; [@bib30]; [@bib41]). The internalized receptor is delivered to early sorting endosomes (EE) that sort cargo for targeting to different destinations ([@bib52]). For example, the EGF receptor is mainly sorted for lysosomal degradation ([@bib55]), whereas the LDL receptor (LDLR), transferrin receptor (TfR), and the major histocompatibility complex II (MHC II) are recycled back to the PM ([@bib8]; [@bib61]). MHC II and a pool of TfR recycle directly from the EE via the fast recycling pathway ([@bib8]; [@bib61]), whereas some receptors such as megalin ([@bib47]) and TfR ([@bib59]; [@bib53]) take the slow recycling pathway in which they are sorted in EE and targeted to the endocytic recycling compartment (ERC) before returning to the PM ([@bib20]). A number of proteins (e.g., Rab GTPases, sorting nexins) are known to facilitate trafficking of receptors between EE, the ERC, and the PM ([@bib20]; [@bib23]). Similarly, a number of motifs, notably PDZ-binding motifs that mediate recycling of receptors, have been identified ([@bib21]; [@bib24]). However, no sorting mechanisms or motifs involved in directing receptors from EE to the ERC have been reported, and the physiological significance of delivery of some receptors to the ERC before being recycled to the PM remains unknown.

We previously discovered that megalin (gp330, LRP2), a member of the LDLR family, follows the slow recycling pathway through the ERC ([@bib54]; [@bib47]). Megalin is expressed in many epithelial cells (renal proximal tubule, thyroid, parathyroid) and binds a number of ligands ([@bib5]; [@bib3]) and has important physiological roles in development and in kidney physiology and pathology. Developmental anomalies occur in patients with megalin mutations and in *megalin^−/−^* mice ([@bib62]; [@bib27]); the latter also experience loss of low molecular weight proteins and other metabolites in the urine ([@bib6]; [@bib35]). Despite the many important roles of megalin, the mechanisms that regulate its endocytic trafficking are not fully understood.

Megalin interacts with a number of proteins via conserved motifs in its cytoplasmic tail, which includes two FXNPXY motifs ([@bib54]). We previously reported that the first FXNPXY motif of megalin binds to the phosphotyrosine-binding (PTB) domain of the autosomal recessive hypercholesterolemia (ARH) protein ([@bib47]), and the second FXNPXY motif was shown to interact with the PTB domain of Dab-2 ([@bib48]). ARH and Dab-2 are considered to be clathrin-associated sorting proteins (CLASPs; [@bib58]), as they couple receptors to the clathrin machinery. ARH accomplishes this by simultaneously engaging FXNPXY motifs within cytoplasmic tails of receptors via its N-terminal PTB domain and clathrin and AP-2 via motifs within its C terminus ([@bib17]; [@bib22]; [@bib43], [@bib44]). Consistent with ARH's role as a CLASP, ARH^−/−^ mice as well as patients with autosomal recessive hypercholesterolemia, a genetic disorder in which ARH is mutated, show reduced internalization of the LDL--LDLR complex ([@bib17]; [@bib25]). ARH is indispensable for LDL uptake at the systemic level, but in certain cell types (e.g., fibroblasts) Dab-2 has been shown to compensate for the absence of ARH ([@bib31]; [@bib39]).

We previously found that ARH accompanies megalin throughout its entire endocytic recycling itinerary from the PM to EE to the ERC and back to the PM ([@bib47]), suggesting that ARH may have additional roles in megalin trafficking. We found later that ARH also interacts with subunits of the dynein motor ([@bib36]). Because dynein mediates transport of cargo along microtubules toward the cell center, this suggested that ARH might facilitate trafficking of megalin along microtubules. Here we report that ARH is required for trafficking of megalin from EE to the ERC, and we have defined the mechanisms by which it mediates this function. We further demonstrate that ARH-mediated trafficking of megalin to the ERC is necessary for the regulated intramembrane proteolysis (RIP) of megalin's cytoplasmic tail and regulation of megalin gene expression.

Results
=======

ARH knockdown inhibits trafficking of megalin to the ERC
--------------------------------------------------------

To study the role of ARH in megalin trafficking, we made two Cre-inducible, ARH knockdown L2 cell lines (L2-sh3 and L2-sh4). We used L2 rat yolk sac cells because they express high levels of endogenous megalin. Both cell lines showed \>80% knockdown of ARH compared with a control cell line (L2-Luc) after Cre-mediated recombination ([Fig. 1 A](#fig1){ref-type="fig"}). We tested the effect of ARH knockdown on megalin trafficking in these cells using an assay developed previously ([@bib47]). Cells were placed on ice to stop endocytosis and incubated with megalin 20B mAb, a nonperturbing antibody that binds to the ectodomain of megalin; after warming, the antibody-bound megalin follows the natural endocytic recycling pathway of megalin. As shown previously for wild-type (wt) L2 cells, in L2-Luc controls 20B labeled the surface pool of megalin before warming ([Fig. 1 B](#fig1){ref-type="fig"}; 0 min), and when the cells were switched to 37°C and resumed endocytosis, megalin trafficked from the PM to EEA1-positive EE within 2 min ([Fig. 1, B and C](#fig1){ref-type="fig"}). By 15 min virtually all of the internalized megalin was at the ERC as determined by colocalization with Rab11 ([Fig. 1, B and D](#fig1){ref-type="fig"}), an ERC marker ([@bib59]). In L2-sh3 and L2-sh4 cells megalin arrived at EE within 2 min ([Fig. 1, B and C](#fig1){ref-type="fig"}) as in controls; however, it did not reach the ERC at 15 min and remained in scattered peripheral vesicles where it partially colocalized with EEA1 but not Rab11 ([Fig. 1, B and D](#fig1){ref-type="fig"}). These findings suggest that ARH is not required for internalization of megalin from the PM, but it is required for megalin trafficking from EE to the ERC. Similar results were obtained when cells were incubated with 20B mAb for 2 min at 37°C instead of on ice (not depicted). The defect in the arrival of megalin at the ERC was not due to reduced levels of megalin at the PM, as both ARH-depleted cells and controls showed comparable levels of 20B bound to the cell surface ([Fig. 1 B](#fig1){ref-type="fig"}). Flow cytometry confirmed equal 20B mAb cell surface labeling in all three cell lines (not depicted). Moreover, biotinylation assays showed no significant difference in internalization of M4-GFP, a GFP-tagged megalin mini-receptor (M4) ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201211110/DC1){#supp1}). By immunoelectron microscopy there was no notable morphological difference in the tubular organization of the ERC in L2-sh3 cells compared with controls, but there was reduced labeling of megalin at the ERC ([Fig. S2](http://www.jcb.org/cgi/content/full/jcb.201211110/DC1){#supp2}).

![**ARH knockdown inhibits megalin trafficking from EE to the ERC.** (A) Immunoblotting showing ARH levels are decreased (83%) in cells expressing ARH shRNAs (lanes 4--9) compared with L2-Luc cells (lanes 1--3) expressing control shRNA. shRNA expression was induced in L2-Luc, L2-sh3, and L2-sh4 cells by Ad-Cre, and 60 h later cells were lysed and analyzed by immunoblotting for the indicated proteins. (B) IF of megalin trafficking after ARH knockdown. Megalin (red) localizes to the PM at 0 min (arrows) and to EE at 2 min in L2-sh3 and L2-sh4 cells as well as in L2-Luc controls. At 5 and 15 min, megalin accumulates at the ERC in L2-Luc cells (arrowheads) but remains scattered in peripheral vesicles in L2-sh3 and L2-sh4 cells (arrows). Coverslips were placed on ice to stop endocytosis followed by incubation with 20B mAb, which binds to cell surface megalin. Cells were either fixed directly (0 min) or incubated for 2, 5, or 15 min at 37°C to allow endocytosis and then fixed and incubated with Alexa Fluor 594 anti--mouse F(ab′)~2~ to detect megalin. (C) Megalin (red) colocalizes with the EE marker EEA1 (green) at 2 min in both L2-sh3 cells and L2-Luc controls. 20B mAb uptake was performed as in B. (D) At 15 min megalin (red) strongly colocalizes with Rab11 (green) in L2-Luc but not in L2-sh3 cells. 20B mAb uptake was performed as in B, and Rab11 was detected using Alexa Fluor 488--conjugated Rab11 mAb. (E) In L2-Luc controls TR-Tf (red) and megalin (green) colocalize at the ERC at 15 min. In L2-sh3 cells TR-Tf arrives at the ERC, but megalin fails to do so and remains in peripheral vesicles. Megalin colocalized with TfR at the ERC in 97.4 ± 0.8% of L2-Luc cells vs.15.9 ± 8.7% of the L2-sh3 cells (mean ± SEM, *n* = 3, 1,056 control cells and 823 ARH-depleted cells were counted). Cells were incubated with 20B mAb and TR-Tf on ice (30 min) and switched to 37°C (15 min) before fixation and processing for IF. Bar, 2.5 µm. Insets, 4×.](JCB_201211110_Fig1){#fig1}

To determine whether the effect of ARH knockdown on trafficking from EE to the ERC is specific for megalin, we performed simultaneous uptake of megalin and Texas red--transferrin (TR-Tf). Transferrin-bound TfR also traffics to the ERC after internalization; however, unlike megalin, TfR does not possess an FXNPXY motif and does not bind ARH, and hence ARH depletion would not be expected to affect TfR trafficking to the ERC. We found that in L2-Luc controls, both megalin and transferrin colocalized in the ERC at 15 min; by contrast, in L2-sh3 ARH knockdown cells TR-Tf arrived at the ERC whereas megalin remained scattered in peripheral vesicles ([Fig. 1 E](#fig1){ref-type="fig"}). 15.9 ± 8.7% of the L2-sh3 cells showed colocalization of megalin with TR-Tf compared with 97.4 ± 0.8% (mean ± SEM, *n* = 3) in L2-Luc controls. These results indicate that ARH knockdown is specific for megalin and does not lead to a general defect in trafficking to the ERC.

To rule out that the defect in trafficking in ARH knockdown cells was due to off-target effects of RNAi silencing, we performed rescue assays by delivering 6xHis-tagged ARH (wtARH-His) into L2-sh3 cells. wtARH-His was complexed with PTD-NTA, a conjugate of the peptide transduction domain (PTD) from HIV Tat protein that can transduce cells ([@bib26]). wtARH-His (1 µM) complexed with PTD-NTA restored cellular levels of ARH to near-endogenous levels in L2-sh3 cells ([Fig. 2 A](#fig2){ref-type="fig"}, lanes 9 and 10) and also successfully restored megalin traffic to the ERC ([Fig. 2 B](#fig2){ref-type="fig"}). Moreover, when ARH-His Y117D, a PTB domain mutant that perturbs ARH's interaction with megalin ([Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201211110/DC1){#supp3}), was delivered into L2-sh3 cells, it failed to restore trafficking of megalin to the ERC ([Fig. 2 C](#fig2){ref-type="fig"}). Adenoviral expression of human ARH (resistant to the rat ARH sh3 shRNA) in L2-sh3 cells also restored megalin trafficking to normal ([Fig. S4](http://www.jcb.org/cgi/content/full/jcb.201211110/DC1){#supp4}). Taken together, these data suggest that ARH depletion or a mutant that interferes with ARH's interaction with megalin perturbs the sorting and/or delivery of megalin to the ERC.

![**Delivery of wtARH-His protein to ARH knockdown cells restores trafficking of megalin to the ERC.** (A) ARH levels in L2-sh3 cells are restored to approximately control levels by intracellular delivery of wtARH-His. L2-sh3 cells were incubated with PTD-NTA alone (lanes 5 and 6) or 1 µM wtARH-His alone (lanes 7 and 8), or a complex of ARH-His: PTD-NTA (lanes 9 and 10) for 90 min, lysed and immunoblotted for ARH and α-tubulin. Lanes 1 and 2: Lysates from untreated L2-Luc cells. Lanes 3 and 4: Lysates from untreated L2-sh3 cells. (B) Megalin (red) trafficking to the ERC is restored at 15 min (arrowheads) in cells treated with ARH-His--PTD-NTA (Complex) but not in cells treated with PTD-NTA or ARH-His alone. L2-sh3 cells were either treated with PTD-NTA alone, ARH-His alone, or a complex of ARH-His--PTD-NTA as described in A, followed by 20B mAb uptake. (C) Trafficking of megalin to the ERC (arrowheads) is restored after intracellular delivery of wtARH-His (wt complex) but not ARH-His Y117D (Y117D complex). wtARH-His and ARH-His Y117D were delivered into L2-sh3 cells as in A, and trafficking of megalin followed as in B. Bar, 2.5 µm.](JCB_201211110_Fig2){#fig2}

Trafficking of megalin to the ERC is perturbed after depletion of ARH but not Dab-2
-----------------------------------------------------------------------------------

Dab-2 interacts with the second FXNPXY motif of megalin and has been suggested to be important for megalin endocytosis ([@bib46]) and to compensate for ARH deficiency during endocytosis ([@bib31]; [@bib39]). To test the effect of Dab-2 knockdown on megalin trafficking, Dab-2 siRNA was delivered to L2-Luc and L2-sh3 cells by complexing it with PTD-DRBD, a protein-based siRNA delivery tool ([@bib15]). A \>90% reduction in Dab-2 levels was achieved ([Fig. 3 B](#fig3){ref-type="fig"}). In 20B uptake assays, equal surface labeling was observed in Dab-2--depleted cells and controls before warming ([Fig. 3 A](#fig3){ref-type="fig"}; 0 min). However, megalin internalization was markedly inhibited in Dab-2--depleted cells at 2 min as most of the megalin was still present at the cell surface, whereas in controls most of the megalin was in endosomes ([Fig. 3 A](#fig3){ref-type="fig"}). Moreover, in Dab-2--depleted cells much less megalin had arrived at the ERC by 5 min, but by 15 min there was no apparent difference from controls ([Fig. 3 A](#fig3){ref-type="fig"}). These results suggest that Dab-2 knockdown leads to delayed internalization of megalin from the PM, and, unlike ARH, Dab-2 does not have a significant role in trafficking of megalin after internalization. When Dab-2 was depleted in L2-sh3 cells, i.e., both ARH and Dab-2 were depleted, megalin failed to be internalized even after 5 min ([Fig. 3 A](#fig3){ref-type="fig"}), indicating that ARH may be partly responsible for mediating the internalization of megalin in the absence of Dab-2. Additionally, depletion of both these PTB domain proteins led to diffuse distribution of megalin at the PM unlike controls, which show a punctate PM distribution, indicating a failure of sorting into clathrin-coated pits. Taken together, our data suggest that the primary role of Dab-2 is to facilitate internalization of megalin from the PM, whereas ARH determines the receptor's post-internalization fate. In the absence of Dab-2, ARH can partially facilitate the internalization of megalin.

![**Dab-2 knockdown delays internalization of megalin but does not affect its post-endocytic trafficking.** (A) At 2 min megalin is internalized into EE in control cells (siControl), whereas after Dab-2 depletion (siDab-2) a significant amount of megalin remains at the PM (arrows), indicating that megalin trafficking from the PM to EE is delayed. At 15 min, accumulation of megalin at the ERC is seen in Dab-2--depleted cells (arrowheads), and there is little, if any, difference in megalin distribution from controls. After depletion of Dab-2 in ARH-depleted L2-sh3 cells, megalin is diffusely distributed at the PM at 0 and 2 min (arrows) and is not internalized up to 5 min. Megalin internalization is observed at 15 min (i.e., significantly later than in controls or after Dab-2 depletion alone). L2-Luc and L2-sh3 cells were treated with PTD-DRBD--siRNA complex; 48 h after siRNA delivery, trafficking of megalin was followed using 20B mAb as described for [Fig. 1 B](#fig1){ref-type="fig"}. Bar, 2.5 µm. (B) L2 cells treated with Dab-2 siRNA (siDab-2; lanes 5--8) show 90% reduction in Dab-2 compared with cells treated with a control siRNA (siControl; lanes 1--4).](JCB_201211110R_Fig3){#fig3}

ARH couples megalin to dynein
-----------------------------

We previously reported that ARH interacts with dynein intermediate chain (DIC) and dynein heavy chain (DHC) subunits of the dynein motor complex ([@bib36]), which facilitates transport of cargo along microtubules toward the center of the cell including that to the ERC ([@bib50]). We reasoned that because ARH depletion leads to a defect in trafficking of megalin from EE to the ERC, ARH may be involved in facilitating trafficking of vesicles containing megalin to the ERC. To investigate this possibility we used MDCK-M4-ARH cells that stably overexpress FLAG-ARH and HA-M4, an HA-tagged megalin mini-receptor. We have previously shown that FLAG-ARH interacts with HA-M4 in these cells ([@bib47]). MDCK-M4-ARH cells were transiently transfected with myc-tagged DIC (myc-IC2), and immunoprecipitation (IP) was performed with anti-HA IgG. Both FLAG-ARH and myc-IC2 coimmunoprecipitated with HA-M4 ([Fig. 4 A](#fig4){ref-type="fig"}, lane 3). To test whether interaction between megalin and dynein is through ARH, the immunoprecipitates were incubated with two peptides containing megalin's first FXNPXY motif. Both peptides perturbed the interaction of megalin with ARH as well as with dynein ([Fig. 4 A](#fig4){ref-type="fig"}, lanes 7--12) whereas a control peptide had no effect ([Fig. 4 A](#fig4){ref-type="fig"}, lanes 4--6), suggesting that megalin's interaction with dynein is dependent on its ability to interact with ARH. Consistent with this conclusion, GST-megalin tail (GST-MT) interacted with endogenous dynein and ARH from lysates prepared from wt mouse embryonic fibroblasts (MEFs) but not from ARH^−/−^ MEFs ([Fig. 4 B](#fig4){ref-type="fig"}, lanes 5 and 6). To further verify that the interaction between the first FXNPXY motif of megalin and ARH is necessary for megalin's interaction with dynein, we mutated Y81, the key tyrosine within this motif, to cysteine (Y81C). A homologous Tyr-to-Cys mutation (Y807C) within the FXNPXY motif of LDLR (the JD mutation) markedly reduces interaction between the LDLR and the PTB domain of ARH and leads to hypercholesterolemia ([@bib9]; [@bib13]). As predicted, GST-MT Y81C markedly reduced interaction with ARH as well as with dynein ([Fig. 4 C](#fig4){ref-type="fig"}, lane 4), whereas a similar mutation in the second FXNPXY motif (which perturbs megalin binding to Dab-2) did not ([Fig. 4 C](#fig4){ref-type="fig"}, lane 5). We conclude that the interaction of megalin with dynein is dependent on the ability of its first FXNPXY motif to bind ARH, suggesting that ARH may serve to recruit dynein to megalin-containing vesicles and facilitate their trafficking to the ERC.

![**ARH mediates the interaction between megalin and dynein.** (A) myc-dynein IC2 and FLAG-ARH coimmunoprecipitate with HA-tagged mini-megalin (megalin-M4). Incubation of the immunoprecipitates with peptides (megalin 1, 2) spanning megalin's first FXNPXY motif (which binds ARH) reduces interaction of megalin with both FLAG-ARH and myc-dynein IC2, indicating that binding of dynein to megalin depends on the interaction between ARH and megalin. MDCK-M4-ARH cells were transiently transfected with myc-dynein IC2, and IP was performed with anti-HA mAb (lanes 3--12) or control IgG (lane 2) followed by immunoblotting for HA, myc, or FLAG. Immunoprecipitates were treated with 10, 30, or 100 µM megalin (lanes 7--9 and 10--12) or control (lanes 4--6) peptides. Lane 1: 5% of the starting material used for the IP (Input). (B) Pull-down assay showing that GST-MT binds dynein IC2 from wt MEFs (lane 5), but binding is significantly reduced in ARH^−/−^ MEFs (lane 6). GST or GST-MT was incubated with lysates from wt or ARH^−/−^ MEFs, and bound dynein IC2 and ARH were analyzed by immunoblotting. Lanes 1 and 2: 5% of the wt and ARH^−/−^ MEF lysates used for pull-down (Input). Bottom panel: Ponceau S staining to visualize GST proteins. (C) A mutation (Y81C) in the first FXNPXY motif of megalin tail, which binds ARH, reduced its interaction with both ARH and dynein IC2. However, a mutation (Y159C) in the second FXNPXY motif of megalin, which binds Dab-2, did not affect the interaction with dynein IC2. Pull-down assays were performed on wt MEF lysates using GST (lane 2), GST-MT (lane 3), GST-MT Y81C (lane 4), or GST-MT Y159C as in B. Bottom panel: Ponceau S staining to visualize amount of GST proteins.](JCB_201211110R_Fig4){#fig4}

ARH knockdown leads to fast recycling of megalin via a Rab35 pathway
--------------------------------------------------------------------

To investigate the fate of megalin after ARH depletion, we followed megalin's itinerary over time. In L2-Luc cells, as in wt L2 cells ([@bib47]), megalin trafficked to the ERC by 15 min and recycled back to the PM by 60 min ([Fig. 5 A](#fig5){ref-type="fig"}). In contrast, in L2-sh3 and L2-sh4 cells megalin arrived at the PM significantly faster (30 min) than in L2-Luc controls ([Fig. 5 A](#fig5){ref-type="fig"}). To verify and extend the immunofluorescence (IF) results we performed biotinylation assays on L2-Luc and L2-sh3 cells expressing M4-GFP. We selectively biotinylated receptors present at the cell surface and followed their internalization and recycling. To measure the amount of M4-GFP and TfR present at the cell surface, cells were lysed immediately after biotinylation, and the biotinylated receptors were isolated and analyzed by immunoblotting. The amounts of M4-GFP and TfR at the cell surface were comparable in L2-Luc and L2-sh3 cells ([Fig. 5 B](#fig5){ref-type="fig"}, lane 2). To measure internalization, cells were treated with lactoferrin, a megalin ligand, and transferrin for 10 min, followed by treatment with 2-mercaptoethanesulfonic acid (MESNA), which cleaves biotin from proteins at the PM, allowing selective isolation of internalized biotinylated receptors. In both L2-Luc and L2-sh3 cells, virtually all the M4-GFP at the surface was internalized within 10 min ([Fig. 5 B](#fig5){ref-type="fig"}, lane 4). To measure recycling, cells were incubated at 37°C to allow the internalized biotinylated receptors to recycle to the PM and again treated with MESNA. In L2-Luc cells, recycling of M4-GFP (indicated by the reduction in the intracellular pool of biotinylated receptor) was not detected until 55 min ([Fig. 5 B](#fig5){ref-type="fig"}, lane 7), whereas in L2-sh3 cells recycling of M4-GFP to the cell surface was faster and was detected as early as 25 min ([Fig. 5 B](#fig5){ref-type="fig"}, lane 5). Nearly 60% of the M4-GFP had returned to the PM in L2-sh3 cells by 25 min, whereas in controls only 3% had returned ([Fig. 5 C](#fig5){ref-type="fig"}). The apparent increase in intracellular levels of megalin in L2-sh3 cells at 40 min is most likely due to internalization of the megalin that had recycled to the PM by 25 min. As expected, ARH knockdown did not alter the recycling kinetics of TfR ([Fig. 5 B](#fig5){ref-type="fig"}). Thus, the biotinylation data confirm that ARH knockdown leads to faster recycling of megalin, suggesting that in the absence of ARH megalin takes the fast recycling pathway directly from EE.

![**ARH knockdown leads to fast recycling of megalin to the PM.** (A) In control L2-Luc cells megalin accumulates at the ERC at 15 and 30 min and returns to the PM by 60 min (arrowheads). In contrast, in L2-sh3 and L2-sh4 cells megalin does not accumulate at the ERC and recycles to the PM by 30 min (arrowheads). 20B mAb binding and internalization were performed as described in [Fig. 1 B](#fig1){ref-type="fig"}. (B) Biotinylation assay to assess the effect of ARH depletion on megalin recycling. Top: biotinylated proteins isolated on a NeutrAvidin column. Bottom: total receptors in the corresponding cell lysates. L2-Luc and L2-sh3 cells expressing M4-GFP mini-megalin were biotinylated, and the biotinylated cell surface proteins were isolated and immunoblotted for GFP or TfR. Lane 1: little or no M4-GFP or TfR is detectable in the absence of biotin, indicating minimal background binding of nonbiotinylated receptors to the NeutrAvidin column. Lane 2: the amounts of M4-GFP and TfR at the cell surface (Surface) are comparable in L2-Luc and L2-sh3 cells. Lane 3: when biotinylation of cell surface receptors is followed immediately by MESNA treatment (Stripped), little M4-GFP or TfR is detectable, indicating that MESNA efficiently cleaves biotin from surface receptors. Lane 4: to measure internalization of M4-GFP after biotinylation, cells were incubated at 37°C for 10 min in the presence of lactoferrin and transferrin and then treated with MESNA. The amount of M4-GFP and TfR internalized at 10 min is nearly equal in L2-Luc and L2-sh3 cells. Lanes 5--7: to measure recycling of M4-GFP and TfR, cells were then switched to 37°C for an additional 25, 40, or 55 min to resume endocytic trafficking/recycling of the internalized biotinylated receptors and then treated again with MESNA to cleave the biotin from receptors that had recycled to the PM. In L2-Luc cells the reduction in intracellular M4-GFP (a measure of receptor recycling) is noticeable at 55 min, indicative of slow recycling of megalin in these cells compared with L2-sh3 cells in which a reduction in M4-GFP is visible by 25 min, indicative of fast recycling. No significant differences in TfR endocytosis was seen among these cell lines. (C) Recycling of biotinylated M4-GFP in L2-Luc (61.6 ± 7%) and L2-sh3 cells (3.3 ± 3.6%) at 25 min expressed as a percentage of the amount internalized (mean ± SEM, *n* = 3 for each condition). (D) In L2-Luc cells megalin (red) accumulates at the ERC at 15 min and does not colocalize with Rab35 (green). By contrast, in L2-sh3 cells, megalin remains in scattered vesicles where it colocalizes with Rab35 (arrowheads), indicating fast recycling. 20B mAb uptake was performed in L2-Luc and L2-sh3 cells as for [Fig. 1 B](#fig1){ref-type="fig"}. Bar, 2.5 µm. Insets, 4×. (E) Rab35 distribution shifts from the cytosolic fraction to the membrane fraction after ARH depletion, indicative of increased Rab35 activation. In L2-Luc cells 78.3 ± 8.9% of the Rab35 is in the cytosolic fraction (lane 3), and 24.2 ± 6.1% is in the membrane fraction (lane 4). In L2-sh3 cells, 54.2 ± 7.6% Rab35 is in the membrane fraction (lane 8) vs. 49.4 ± 7.7% in the cytosolic fraction (lane 3; mean ± SEM, *n* = 3, expressed as percentage of Rab35 in the postnuclear supernatant "PNS" \[lanes 2 and 6\]). As expected, EGF receptor (EGFR) is found almost exclusively in the membrane fraction (lanes 4 and 8) and GAPDH and α-tubulin are predominantly in the cytosolic fraction (lanes 3 and 7). Cytosolic (100,000 *g* supernatant) and membrane (100,000 *g*) fractions prepared from L2-Luc and L2-sh3 cells were immunoblotted for the indicated proteins.](JCB_201211110_Fig5){#fig5}

Rab35 GTPase associates with vesicles that traffic from EE to the PM and regulates the fast recycling of receptors that follow this route ([@bib33]). Rab35, like other Rab family members, cycles between its active GTP-bound form that is membrane associated and the inactive GDP form that is predominantly cytosolic ([@bib51], [@bib19], [@bib14]). To determine whether megalin recycles through this pathway in ARH knockdown cells we localized megalin and Rab35 by IF. In L2-Luc cells most of the megalin localized to the ERC at 15 min, and Rab35 was diffusely distributed in the cytoplasm ([Fig. 5 D](#fig5){ref-type="fig"}). In contrast, in the ARH-depleted L2-sh3 cells most of the megalin colocalized with Rab35 on EE at 15 min ([Fig. 5 D](#fig5){ref-type="fig"}), confirming that megalin takes the fast recycling pathway after ARH depletion. Our finding that Rab35 shifts from a cytosolic distribution in controls to endosomal membranes after ARH knockdown is an indirect indicator that Rab35 becomes activated after ARH knockdown. Additionally, Rab35 was markedly increased in membrane fractions (100,000 *g* pellet) from L2-sh3 cells compared with L2-Luc controls ([Fig. 5 E](#fig5){ref-type="fig"}), thus verifying the increased membrane association of Rab35 and its presumed activation after ARH depletion.

ARH binding to AP-2 is necessary to prevent fast recycling of megalin
---------------------------------------------------------------------

We noted that connecdenn2 (also known as DENN1B), a guanine nucleotide exchange factor (GEF) for Rab35 ([@bib1]), binds to the same site on AP-2 (the β2 appendage) as ARH, and ARH and connecdenn2 compete for binding to this site in vitro ([@bib38]). Thus, we reasoned that (1) ARH might normally prevent the fast recycling of megalin by binding to AP-2 and preventing binding of connecdenn2, and (2) in the absence of ARH connecdenn2 might bind AP-2 vesicles containing megalin, activate Rab35, and stimulate rapid recycling of megalin. To find out whether connecdenn2 is involved in the fast recycling of megalin, we knocked down connecdenn2 ([Fig. 6 B](#fig6){ref-type="fig"}). Connecdenn2 depletion had no visible effect on megalin trafficking through the ERC in L2-Luc cells (not depicted). In contrast, in L2-sh3, which normally show fast recycling of megalin, no recycling of megalin was detected at 30 min after connecdenn2 depletion ([Fig. 6 A](#fig6){ref-type="fig"}). Instead, at 30 min, megalin localized in large, clustered endosomes ([Fig. 6 A](#fig6){ref-type="fig"}), suggesting that after connecdenn2 knockdown megalin is internalized and reaches EE, but cargo fails to exit EE, leading to their enlargement and clustering. The enlargement and clustering of EE after connecdenn2 depletion is consistent with previous observations ([@bib1]). These results suggest that after ARH depletion fast recycling of megalin is mediated by connecdenn2.

![**Binding of ARH to AP-2 prevents fast recycling of megalin through the connecdenn2--Rab35 pathway.** (A) In L2-sh3 ARH-depleted cells treated with control siRNA (siControl), megalin is internalized into endocytic vesicles at 5 and 15 min and recycles back to the PM by 30 min (arrowheads), whereas in those treated with connecdenn2 siRNA (siCD2) there is little or no recycling at 30 min. siRNA knockdown of connecdenn2 was performed as for [Fig. 3 B](#fig3){ref-type="fig"}, and 48 h later megalin trafficking was analyzed as in [Fig. 1 B](#fig1){ref-type="fig"}. (B) L2-sh3 cells treated with connecdenn2 siRNA (siCD2; lanes 5 and 6) show \>90% knockdown of connecdenn2 compared with control (siControl; lanes 3 and 4) or untreated L2-sh3 cells (lanes 1 and 2). siRNA delivery was performed as in [Fig. 3 B](#fig3){ref-type="fig"}. Each condition was tested in duplicate. (C) Delivery of wtARH-His (wt complex) into L2-sh3 cells restores megalin trafficking to the ERC by 5 min and prevents fast recycling to the PM at 30 min. In contrast, delivery of ARH-His R265A into L2-sh3 cells (R265A complex) led to fast recycling at 30 min (arrowheads) along with partial trafficking of megalin to the ERC. wtARH-His or ARH-His R265A protein was delivered to L2-sh3 cells using the PTD-NTA method as in [Fig. 2 A](#fig2){ref-type="fig"}, and trafficking of megalin was studied as in [Fig. 1 B](#fig1){ref-type="fig"}. (D) In L2-sh3 cells treated with ARH-His R265A, megalin colocalizes with the fast recycling marker Rab35 (green) in vesicles at 15 min (arrowheads). (E) wtARH-His (lanes 11 and 12) or ARH-His R265A (lanes 13 and 14) delivered into L2-sh3 cells restores ARH levels to near endogenous levels. Lysates from untreated L2-Luc (lanes 1 and 2) or L2-sh3 (lanes 3 and 4) cells, or from cells treated with PTD-NTA (lanes 5 and 6) or either protein alone (lanes 7--10) are also included.](JCB_201211110_Fig6){#fig6}

To test whether interaction of ARH with AP-2 is necessary to prevent megalin from taking the fast recycling pathway we used ARH R265A, an ARH mutant defective in AP-2 binding ([@bib22]; [@bib43]). wtARH-His or ARH-His R265A delivered into L2-sh3 cells returned ARH expression to endogenous levels ([Fig. 6 E](#fig6){ref-type="fig"}). As expected, delivery of wtARH-His to L2-sh3 cells fully restored megalin trafficking to the ERC at 15 and 30 min, and no recycling to the PM was seen at 30 min ([Fig. 6 C](#fig6){ref-type="fig"}). In contrast, when the mutant ARH-His R265A was delivered a pool of megalin colocalized with Rab35 at 15 min ([Fig. 6 D](#fig6){ref-type="fig"}) and arrived at the PM by 30 min ([Fig. 6 C](#fig6){ref-type="fig"}), indicating that the mutant was not able to fully restore megalin trafficking to the ERC. We conclude that ARH binding to AP-2 is necessary for the efficient trafficking of megalin to the ERC. Similar results were obtained when wt ARH or an AP-2--binding deficient ARH mutant was adenovirally expressed in L2-sh3 cells ([Fig. S5](http://www.jcb.org/cgi/content/full/jcb.201211110/DC1){#supp5}). The finding that a pool of megalin was able to traffic to the ERC in the presence of ARH-His R265A may be due to the fact that this mutation does not perturb the ability of ARH to interact with dynein (Fig. S5). From these data we conclude that binding of ARH to AP-2 is necessary to prevent fast recycling of megalin via the connecdenn2--Rab35 pathway.

Taken together, our results indicate that ARH utilizes two distinct mechanisms to regulate megalin's endocytic trafficking: (1) it couples megalin to dynein and facilitates its trafficking from EE to the ERC, and (2) it binds AP-2 and inhibits fast recycling of megalin from EE.

ARH regulates intramembrane proteolysis and gene expression of megalin
----------------------------------------------------------------------

Next we investigated the functional consequences of megalin's trafficking through the ERC. Megalin, like many other receptors, undergoes RIP in two steps: (1) the ectodomain is cleaved generating a 35--40-kD cytoplasmic tail fragment (MCTF), and (2) MCTF is cleaved within the transmembrane domain by γ-secretase to generate a 25--30-kD soluble megalin intracellular domain (MICD; [@bib64]; [@bib37]). Because RIP of many receptors occurs along the endocytic pathway ([@bib10]) we reasoned that ARH-mediated trafficking of megalin to the ERC might be required for proteolytic processing of megalin. To investigate this possibility, we checked for the presence of megalin fragments in ARH-depleted cells using an antibody that specifically recognizes the cytoplasmic tail of megalin. ARH knockdown cells showed a greater than twofold increase in a ∼37-kD fragment, the expected size of MCTF ([Fig. 7 A](#fig7){ref-type="fig"}), indicating a marked accumulation of MCTF after ARH depletion. No band corresponding to MICD was visible, a finding consistent with previous results, indicating that cleaved fragments of receptors produced by RIP are rapidly degraded by proteasomes ([@bib32]). To detect MICD, we treated L2-Luc and L2-sh3 cells with 2--10 µM lactacystin, a proteasome inhibitor. L2-Luc cells treated with lactacystin showed a dose-dependent accumulation of a 28-kD peptide, the expected size of MICD, as well as a number of intermediate fragments ([Fig. 7 B](#fig7){ref-type="fig"}, lanes 3--5). In sharp contrast, very little MICD was detected in L2-sh3 cells even after 10 µM lactacystin treatment ([Fig. 7 B](#fig7){ref-type="fig"}, lanes 6--8). These data suggest that MCTF accumulates after ARH depletion due to decreased γ-secretase--mediated proteolysis of megalin. We conclude that ARH-mediated trafficking of megalin from EE to the ERC is necessary for γ-secretase--mediated RIP of megalin.

![**ARH depletion leads to reduced intramembrane proteolysis of megalin and increased transcription of megalin and NHE3.** (A) The levels of megalin cytoplasmic tail fragment are increased 2.6 ± 0.4 and 2.3 ± 0.3-fold in L2-sh3 and L2-sh4 cells (mean ± SEM, *n* = 3) vs. L2-Luc controls, and full-length megalin levels are increased 2.2 ± 0.4 and 1.9 ± 0.3-fold (mean ± SEM, *n* = 4). Lysates were immunoblotted with antibody for ARH, α-tubulin, full-length megalin (LBDIV), and megalin tail fragments (459). (B) Levels of the megalin intracellular domain (MICD) fragment are reduced in ARH-depleted cells. L2-Luc and L2-sh3 cells were treated overnight with 2, 5, or 10 µM lactacystin to prevent proteasomal degradation of MICD. Cell lysates were immunoblotted as in A. MICD levels increase in a dose-dependent manner after lactacystin treatment of L2-Luc controls (lanes 3--5), whereas L2-sh3 cells show little or no accumulation of MICD with up to 10 µM lactacystin treatment (lanes 6--8). (C) RT-PCR showing that megalin and NHE3 mRNA levels are increased ∼2.7± 0.7 and 3.4 ± 0.9-fold, respectively, in L2-sh3 cells vs. L2-Luc cells (mean ± SEM, *n* = 4). No significant change is seen in GAPDH mRNA.](JCB_201211110R_Fig7){#fig7}

MICD and the cleaved intracellular domains of many receptors that undergo RIP translocate to the nucleus and transcriptionally regulate gene expression ([@bib37]; [@bib10]). In the case of megalin, MICD has been shown to repress expression of megalin as well as the Na^+^-H^+^ exchanger 3 (NHE3), another membrane protein present at the brush border of the proximal tubule ([@bib37]). Because ARH-depleted cells show reduced MICD levels, we tested whether there was a change in megalin expression and found that L2-sh3 and L2-sh4 cells showed a 2.2- and 1.9-fold increase, respectively, in levels of full-length megalin ([Fig. 7 A](#fig7){ref-type="fig"}). To verify that increased megalin is due to increased transcription, we performed RT-PCR analysis of mRNA isolated from L2-Luc and L2-sh3 cells. L2-sh3 cells showed a 2.7-fold increase in megalin mRNA with no significant change in expression of a control gene, GAPDH ([Fig. 7 C](#fig7){ref-type="fig"}). Expression of NHE3 mRNA in L2-sh3 cells was also increased 3.4-fold ([Fig. 7 C](#fig7){ref-type="fig"}). These data establish that the increased levels of full-length megalin observed in ARH knockdown cells is associated with increased mRNA expression. We conclude that ARH depletion reduces the RIP of megalin and thus the formation of MICD fragments, which leads to increased transcription of megalin and NHE3. Our data thus imply that ARH-mediated trafficking of megalin to the ERC is necessary for it to undergo RIP and to regulate its expression.

Discussion
==========

Here we report that ARH is required for megalin trafficking to the ERC. Based on our findings, we propose the following model ([Fig. 8 A](#fig8){ref-type="fig"}): The megalin--ARH--AP2 complex is taken up by clathrin-mediated endocytosis and delivered to EE, where ARH recruits dynein and facilitates vesicular transport of megalin along microtubules toward the ERC. Megalin recycles from the ERC back to the PM via the slow recycling pathway. In the absence of ARH, connecdenn2 binds AP-2 and associates with megalin endosomes, activates Rab35, and mediates fast recycling of megalin-containing vesicles to the PM directly from EE. A small amount of megalin undergoes ectodomain cleavage at the PM producing MCTF ([Fig. 8 B](#fig8){ref-type="fig"}). Like full-length megalin, MCTF is internalized by endocytosis and then traffics to the ERC. At the ERC, MCTF is cleaved by γ-secretase to release MICD, which translocates to the nucleus and regulates gene expression. In the absence of ARH, MCTF cannot traffic to the ERC and hence cannot be processed into MICD.

![**Working model for the role of ARH in megalin trafficking and proteolysis.** (Left panel, 1) ARH binds to the cytoplasmic tail of megalin and to the β-appendage of AP-2. (2) The megalin--ARH complex is taken up in clathrin-coated vesicles and delivered to EE. (3) ARH recruits dynein to EE and (4) facilitates their transport along microtubules to the ERC, from where (5) megalin recycles back to the PM via the slow recycling pathway. In ARH-depleted cells (6) the β-appendage of AP-2 binds to connecdenn2 (CD2), which (7) activates Rab35 and directs the trafficking of megalin-containing vesicles to the PM via the fast recycling pathway. (Right panel) A fraction of the internalized megalin undergoes RIP. (1) The ectodomain of megalin is cleaved at the PM by a matrix metalloprotease to generate the MCTF fragment ([@bib64]), which (2) is internalized into EE and, (3) like the full-length receptor, traffics to the ERC. (4) MCTF is cleaved at the ERC by γ-secretase to release the MICD fragment, which (5) translocates to the nucleus where it regulates gene expression. (6) In the absence of ARH, MCTF is not delivered to the ERC and hence is not processed by γ-secretase to yield MICD.](JCB_201211110R_Fig8){#fig8}

Recycling of receptors (e.g., TfR) through the ERC has been known for over two decades ([@bib40]), yet the physiological significance of recycling through the ERC versus EE has remained elusive. Several proteins that mediate general trafficking of cargo between EE and ERC (e.g., Rab10, SNX4) have been identified ([@bib20]), but no motifs responsible for sorting receptors from EE for delivery to the ERC have been reported to date. ARH, which interacts with the first FXNPXY motif of megalin, represents the first known protein that mediates the trafficking of a receptor to the ERC by engaging a specific sequence motif within the receptor and enabling it to bypass the fast recycling pathway. Moreover, our results showing that ARH-mediated megalin trafficking to the ERC is necessary for γ-secretase--mediated cleavage of megalin have revealed a new function for the ERC as a site for RIP.

Distinct functions of ARH and Dab-2: ARH is required for megalin trafficking from EE to the ERC, whereas Dab-2 mediates megalin internalization
-----------------------------------------------------------------------------------------------------------------------------------------------

The cytoplasmic tail of LDLR has only one FXNPXY, which can engage either ARH or Dab-2 to sort LDLR into clathrin-coated pits ([@bib31]; [@bib39]). In the absence of ARH, Dab-2 can facilitate endocytosis of LDLR in some cell types such as fibroblasts, which has led to the notion that the functions of ARH and Dab-2 are redundant. Unlike LDLR, megalin has two FXNPXY motifs, of which the first binds to ARH ([@bib47]) and the second to Dab-2 ([@bib48]). We show here that in the case of megalin these two proteins have separate functions: ARH is essential for trafficking of megalin to the ERC, whereas the primary role of Dab-2 is in mediating megalin's internalization, in keeping with its traditional role as a CLASP and consistent with previous observations in Dab-2^−/−^ mice ([@bib46]). Our finding that ARH depletion inhibits megalin trafficking to the ERC is a departure from ARH's recognized role as a CLASP involved primarily in receptor internalization. The difference between the functions of ARH and Dab-2 can most likely be explained by the differences in the proteins they interact with. Dab-2 interacts with myosin VI ([@bib45]), the motor protein responsible for trafficking of vesicles through the cortical actin barrier, which is in keeping with the role of Dab-2 in receptor internalization and the steps immediately after it. ARH interacts with the motor protein dynein ([@bib36]), which facilitates trafficking of cargo along microtubules to the pericentriolar region (see following paragraph).

ARH couples megalin to dynein for trafficking of megalin along microtubules to the ERC
--------------------------------------------------------------------------------------

We previously discovered that ARH interacts with the heavy and intermediate chains of the dynein motor complex ([@bib36]). A single dynein (cytoplasmic dynein) is responsible for virtually all cargo trafficking toward the minus-end of microtubules including trafficking of cargo to the ERC ([@bib57]; [@bib50]). We show here that ARH acts as a dynein adaptor that couples megalin to dynein, which explains how ARH facilitates the trafficking of megalin from EE to the ERC. ARH can now be added to the list of proteins that function as dynein adaptors that recruit the dynein--dynactin complex to different organelles such as the Golgi (βIII-spectrin and Bicaudal D), endoplasmic reticulum (Sec23), late endosomes (Rab7-interacting lysosomal protein or RILP), and ERC (SNX4 and KIBRA) and facilitate their transport along microtubules ([@bib28]). ARH depletion affects the trafficking of megalin but not of TfR, which does not interact with ARH but which also couples to dynein ([@bib57]; [@bib50]) and traffics along the same route from EE to the ERC. This indicates that ARH is likely to specifically sort receptors with FXNPXY motifs. Indeed, the ARH Y117D mutant, which does not interact with the FXNPXY motif of megalin, failed to sort megalin for trafficking to the ERC. Whether this newly identified function of ARH as a dynein adaptor also applies to other FXNPXY motif--containing proteins such as LDLR, LRP, and ROMK ([@bib16]), with which ARH also interacts, remains to be tested.

ARH binds to AP-2 and prevents the fast recycling of megalin via the connecdenn2--Rab35 pathway
-----------------------------------------------------------------------------------------------

While receptor recycling was originally considered to be a default pathway ([@bib40]), it is now recognized to involve active sorting via sequence motifs within the cytoplasmic tails of receptors ([@bib21]; [@bib24]). However, no sequence motif involved in directing trafficking of receptors from EE to ERC has been identified up to now. Our results have revealed that ARH interacts with the first FXNPXY motif in the cytoplasmic tail of megalin and directs megalin away from the fast recycling pathway to the slow recycling pathway. Thus, our results suggest that active, sequence-based sorting is needed to direct cargo to the ERC for slow recycling back to the PM.

Our results suggest that fast recycling of megalin in ARH-depleted cells involves activation of the GTPase Rab35, the Rab that specifically mediates fast recycling of other receptors ([@bib33]), and it also requires connecdenn2, a GEF that activates Rab35 ([@bib1]). Although other DENN domain--containing proteins (e.g., connecdenns 1 and 3) can also act as GEFs for Rab35, connecdenn2 is the only known member of the DENN domain family that interacts with the clathrin machinery, specifically clathrin and the β subunit of AP-2 ([@bib38]). In fact, Both ARH and connecdenn2 bind to the same site on the β appendage of AP-2 ([@bib38]). Based on our observation that binding of ARH to AP-2 is essential to prevent fast recycling of megalin, we postulate that ARH normally prevents megalin from taking the fast recycling pathway by competing with connecdenn2 for AP-2 binding ([Fig. 8](#fig8){ref-type="fig"}), preventing connecdenn2 from associating with megalin-containing endosomes and in turn preventing the activation of Rab35 on these endosomes. Interestingly, β-arrestins bind to the same site on the AP-2 β subunit as ARH and connecdenn2, suggesting that β-arrestins may also serve to regulate the recycling pathway taken by the G protein--coupled receptors to which they bind ([@bib34]; [@bib58]).

ARH-mediated trafficking of megalin to the ERC is necessary for regulating its proteolysis and gene expression
--------------------------------------------------------------------------------------------------------------

We show here that ARH-mediated trafficking to the ERC is required for RIP of megalin, which releases MICD and regulates gene expression. ARH depletion results in reduced levels of MICD and increased levels of MCTF, most likely due to reduced γ-secretase--mediated cleavage of MCTF, which is required to release MICD. The idea that the ERC may be a site for γ-secretase--mediated proteolysis during RIP is supported by two additional observations: (1) presenilin1, the catalytic subunit of γ-secretase, has been reported to interact with Rab11, the GTPase associated with ERC ([@bib12]), and (2) inhibition of γ-secretase activity resulted in accumulation of the cytoplasmic tail fragments of APP ([@bib63]) and megalin ([@bib37]) in the ERC. Our results indicating that ARH-mediated megalin trafficking to the ERC is essential for its RIP provide direct evidence that this is the case. Interestingly, TfR, the best-studied receptor that traffics to the ERC, is cleaved by a matrix metalloprotease and undergoes ectodomain shedding ([@bib29]), and the levels of the shed TfR ectodomain in human serum strongly correlate with elevated levels of erythropoietic activity and TfR expression ([@bib56]). Whether TfR also undergoes classical RIP at the ERC remains to be established.

It was previously shown that MICD, the final product of γ-secretase--mediated RIP of megalin, translocates to the nucleus and regulates gene expression ([@bib37]), as is the case with some other receptors ([@bib10]), and overexpression of MICD led to suppression of megalin and NHE3 expression ([@bib37]). Consistent with these findings, we observed increased mRNA levels of megalin and NHE3 after ARH depletion, indicating that ARH-facilitated trafficking of megalin through the ERC is important for the regulation of gene expression mediated by megalin fragments.

Disease implications of ARH's role in megalin trafficking and proteolysis
-------------------------------------------------------------------------

Megalin mediates the uptake of a large number of ligands in different tissues including the kidney, lungs, yolk sac, thyroid, and parathyroid ([@bib4]). The best studied function of megalin is the retrieval of albumin and low molecular weight proteins such as vitamin D--binding protein from the glomerular filtrate in the renal proximal tubule ([@bib4]). Our findings that ARH-mediated trafficking of megalin to the ERC results in RIP of megalin and inhibition of megalin and NHE3 gene expression suggest the existence of a negative feedback loop for regulation of the expression of megalin and related kidney proteins. This pathway may allow the cell to adjust to changes in the ligand load during normal and pathological conditions. For example, under conditions of increased glomerular permeability, which lead to increased ligand load, megalin might be rerouted through the fast recycling pathway via unknown mechanisms, reducing its RIP and increasing its expression.

In summary, our study has revealed a surprising role for ARH in regulating the trafficking of megalin, its proteolysis, and gene expression via new molecular mechanisms. This paradigm may be applicable to other proteins such as LDLR, LRP, and ROMK, with which ARH interacts.

Materials and methods
=====================

Materials
---------

Primers were ordered from Allele Biotech, restriction enzymes and reagents for polymerase chain reaction (PCR) were from New England Biolabs, Inc., except for PfuUltra DNA polymerase, which was from Agilent Technologies. Chemical reagents were obtained from Sigma-Aldrich except where noted. All cell culture reagents including DMEM, fetal bovine serum, penicillin, streptomycin, [l]{.smallcaps}-glutamine, Dulbecco's phosphate-buffered saline (PBS), and 0.05% trypsin-EDTA were purchased from Invitrogen.

Cell culture
------------

L2 rat yolk sac cells ([@bib49]) were maintained in DMEM Hi-glucose, supplemented with 10% fetal calf serum and 100 U/ml penicillin G and 100 µg/ml streptomycin sulfate (Invitrogen) at 37°C and 5% CO~2~. MDCK-M4-ARH cells that stably express a megalin mini-receptor (HA-M4) and FLAG-ARH were prepared and maintained as described previously ([@bib47]). Wild-type and ARH^−/−^ MEFs and HEK 293T cells were cultured as described previously ([@bib36]).

Antibodies
----------

Polyclonal rabbit anti-megalin antibodies against the ectodomain (LBD IV) and cytoplasmic tail (459) of megalin ([@bib7]) and polyclonal rabbit anti-ARH raised against GST-ARH 177--299 ([@bib47]) were described previously. A mouse anti-megalin mAb 20B against the ectodomain of megalin ([@bib42]) was produced from hybridoma cells cultured in a CELLine-1000 bioreactor (Sartorius Stedim) according to the manufacturer's protocol using Hybridoma-SFM medium (Invitrogen). Hybridoma media was collected, cleared by centrifugation (20,000 *g* for 30 min), its purity (95%) was verified by SDS-PAGE, and a fresh aliquot was used for each 20B uptake assay. Anti-transferrin receptor (H68.4) mAb was from Ian Trowbridge (formerly of Salk Institute, San Diego, CA), anti-Rab11 mAb from BD, and anti-FLAG (M2) and anti-tubulin mAbs from Sigma-Aldrich. Rabbit Rab35 pAb was from Bruno Goud (Institut Curie, Paris, France), EEA1 from Cell Signaling Technology, and connecdenn2 from Peter McPherson (McGill University, Montreal, Canada). Cross-absorbed Alexa 488--conjugated goat anti--rabbit and Alexa 594--conjugated goat anti--mouse F(ab′)~2~ for indirect IF were purchased from Molecular Probes. Goat anti--rabbit and goat anti--mouse Alexa Fluor 680 or IRDye 800 F(ab′)~2~ for immunoblotting were obtained from LI-COR Biosciences. Alexa Fluor 488--conjugated anti-Rab11 mAb and Alexa Fluor 594--conjugated 20B mAb were produced using conjugation kits (Invitrogen) according to the manufacturer's protocols.

Generation of pSico shRNA lentivirus, stable cell lines, and Cre-induced knockdown of ARH
-----------------------------------------------------------------------------------------

Target sequences against the mRNA of rat ARH were identified using pSicoOligomaker software ([@bib60]) and oligonucleotides with the sequences 5′-TACAGTCAGCGCTAATACTATTCAAGAGATAGTATTAGCGCTGACTGTTTTTTTC-3′ (sh3) and 5′-TGAGAACGTGTCCATTTACATTCAAGAGATGTAAATGGACACGTTCTCTTTTTTC-3′ (sh4) as well as their antisense sequences were custom synthesized by Integrated DNA Technologies. The sense and antisense oligos were annealed and then ligated into the pSico-PGK-puro vector (plasmid 11586 from Addgene; [@bib60]) to obtain pSico-puro-sh3 and pSico-puro-sh4 lentiviral plasmids. A control plasmid (pSico-puro-Luc) designed to express shRNA against luciferase was a gift from Larry Goldstein (University of California, San Diego, La Jolla, CA). Lentiviral particles were prepared using third generation packaging plasmids as described elsewhere ([@bib11]). In brief, 10 µg of the pSico-puro-sh3 and pSico-puro-sh4 plasmids and 10 µg of the lentiviral packaging plasmids were cotransfected into HEK 293T cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. After 36 h, the supernatant was collected and used to transduce L2 cells. After 24 h, L2 cells with integrated lentivirus were selected using 5 µg/ml puromycin yielding the L2-Luc, L2-sh3, and L2-sh4 cell lines. shRNA expression was induced with adenovirus carrying Cre recombinase (Ad-Cre; University of Iowa Gene Transfer Vector Core, Iowa City, IA) at MOI 300. 96 h later, cells were either lysed in SDS lysis buffer (50 mM Tris HCl, pH 7.6, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, and 0.1% SDS) or passaged and used for various assays. Knockdown efficiency was determined by analyzing 25 µg cell lysates by SDS-PAGE and immunoblotting for ARH as described previously ([@bib36]).

Whole-cell lysis and immunoblotting
-----------------------------------

Cells were harvested, suspended in 2.5× Laemmli sample buffer, and boiled 15 min. Samples were separated by 10% or 5% SDS-PAGE (for megalin analysis) and transferred to PVDF-FL membranes (EMD Millipore). Membranes were blocked in 5% nonfat dry milk and incubated with primary antibodies (4°C overnight), followed by secondary antibodies (1 h at room temperature). Bands were imaged and quantified by two-color detection with the Odyssey infrared imaging system (LI-COR Biosciences). Knockdown efficiency of various proteins was determined by quantifying the reduction in their levels after normalizing for α-tubulin in the same samples.

Plasmid cloning and site-directed mutagenesis
---------------------------------------------

An expression vector for myc-dynein IC2 was a gift from Richard Vallee (Columbia University, New York, NY). Plasmids for expression of recombinant GST-ARH (rARH cloned in frame into the EcoRI--XhoI sites of pGEX-KG) and GST-megalin tail (rat megalin cDNA bases 13341--13980 cloned in frame into the EcoRI--XhoI sites of pGEX-KG) proteins in *Escherichia coli* have been described elsewhere ([@bib47]). Full-length wt rat ARH and rat dynein IC2C cDNAs were PCR amplified and subcloned into pET24a vector (Takara Bio Inc.) into the NdeI--BamHI sites using standard molecular cloning techniques to yield plasmids for expression of wtARH-His and dynein IC2c-His proteins. Site-directed mutagenesis in these plasmids to yield the various mutants used in this study were done using standard molecular cloning techniques.

Expression and purification of GST-tagged proteins from *E. coli* and GST pull-down assays
------------------------------------------------------------------------------------------

Expression of GST-ARH and GST-MT wild-type and mutant proteins in BL21 *E. coli* was induced using 0.3 mM IPTG overnight at 18°C. GST-tagged proteins were purified over a glutathione--Sepharose column as described previously ([@bib47]; [@bib36]). For pull-down assays, 10 µg GST, GST-MT, or GST-ARH were immobilized on 40 µl glutathione--Sepharose resin (GE Healthcare) for 1 h and then incubated with either 500 µg MEF lysate (for pull-down with GST-MT) or 0.25--10 µg of purified dynein IC2-His protein (for pull-down with GST-ARH) overnight at 4°C. Beads were washed, incubated with SDS sample buffer, and the eluted proteins were analyzed by immunoblotting.

Expression and purification of His-tagged proteins and PTD-NTA delivery of ARH-His proteins
-------------------------------------------------------------------------------------------

The expression of ARH-His proteins (wt and mutants) and dynein-IC2-His was induced using 0.3 mM IPTG overnight at 18°C in BL21 *E. coli*, and the proteins were then purified on a Ni-NTA resin (QIAGEN) using the manufacturer's guidelines. Intracellular delivery of ARH-His proteins into L2 cells was performed according to [@bib26]. In brief, 0.6 mM nickel sulfate was incubated with 150 µM PTD-NTA (a gift from Ron June and Steve Dowdy, UCSD) for 5 min. ARH-His protein was added to the mix at a final concentration of 1 µM and incubated for 5 min. The protein--PTD-NTA complex was diluted in serum-free medium and layered on L2-sh3 cells for 90 min. Cells were then washed three times with PBS supplemented with heparin, after which they were either lysed for immunoblotting or used for 20B mAb uptake assays (see below).

Adenovirus-mediated expression of human ARH
-------------------------------------------

Adenoviruses for tetracycline-inducible expression of hARH wt and R266A mutant, in the pACTreCMV backbone ([@bib18]), were a gift from Helen Hobbs and Jonathan Cohen (University of Texas Southwestern Medical Center, Dallas, TX) and were amplified in HEK 293T cells. L2 cells were washed once with PBS supplemented with 1 mM MgCl~2~ and transduced with viruses at MOI 50 in serum-free DMEM. After 1 h, the media was removed, and cells were incubated in serum containing DMEM with 0.5 µg/ml doxycycline to induce the expression of hARH. Cells were lysed after 24 h for protein analysis or used for 20B uptake assays.

Plasmid transfection and siRNA delivery using PTD-DRBD
------------------------------------------------------

Myc-IC2 plasmid (a gift from Richard Vallee) was transfected into MDCK-M4-ARH cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. siRNA duplexes against rat Dab-2 (5′-GCAACAGGCUGAACCAUUAdTdT-3′) and connecdenn2 (5′-GGAAGAGGTTTCTCTGATAdTdT-3′) were obtained from Allele Biotech and were complexed with PTD-DRBD protein and delivered into L2 cells as described by [@bib15]. In brief, 60 µl of 50 µM PTD-DRBD (a gift from Akiko Eguchi and Steve Dowdy, UCSD) was mixed with 75 µl PBS, 15 µl of siRNA duplex (20 µM) was added, and the mixture was incubated on ice for 20 min. L2 cells in a 35-mm dish were washed twice with serum-free medium and incubated with 600 µl serum-free medium. The siRNA--PTD-DRBD mix was added to the cells and allowed to incubate for 90 min. The siRNA mix was removed, and cells were incubated in serum containing medium and then either harvested at 48 h for analysis by immunoblotting or trypsinized and replated at 40 h (for 8 h) at a lower density before being used for 20B uptake assays (see below).

Megalin 20B mAb and Texas red--transferrin uptake assays
--------------------------------------------------------

Megalin 20B mAb uptake studies were performed essentially as described previously ([@bib47]). In brief, cells grown on coverslips were incubated in serum-free DMEM for 2 h, cooled on ice, and 20B anti-megalin mAb (250 µg/ml) was bound to the cells for 30 min on ice. Cells were rinsed in ice-cold DMEM and either fixed with ice-cold 2% PFA for 30 min (to detect cell surface megalin before initiating endocytosis) or placed in prewarmed, serum-free DMEM at 37°C, and incubated for 2--60 min before fixation. Cells were then processed for IF analysis (see below). For simultaneous 20B and transferrin uptake assays, 100 µg/ml TR-Tf was added to the medium in addition to 20B mAb. To test colocalization between Rab11 and megalin, uptake of Alexa Fluor 594--conjugated 20B was performed in a similar manner as unlabeled 20B, followed by fixation and immunostaining of cells with Alexa Fluor 488--conjugated Rab11 mAb.

Immunofluorescence assays
-------------------------

IF was performed at room temperature as described previously. In brief, cells were fixed with 2% PFA for 30 min, permeabilized with 0.2% Triton X-100 for 10 min, blocked with 5% normal goat serum for 30 min, and incubated for 1 h with primary antibodies and for 1 h with highly cross-adsorbed goat anti--mouse Alexa Fluor 594 and anti--rabbit Alexa Fluor 488 F(ab′)~2~. For 20B mAb uptake assays, anti--mouse Alexa Fluor 594 was used to detect cell surface and internalized megalin. For simultaneous 20B and TR-Tf uptake experiments Alexa Fluor 488 anti--mouse F(ab′)~2~ was used to detect 20B-labeled megalin, and TR-Tf was detected by direct fluorescence. For quantification of megalin trafficking to ERC, 20B and TR-Tf uptake was performed for 15 min. Cells from three independent experiments were counted (100 random fields per condition per experiment, 1--5 cells per field on average). Only cells with TR-Tf accumulated at the ERC and visible 20B labeling were counted and then classified as showing or not showing colocalization between megalin and TR-Tf. The mean, SEM, and Student's *t* test analysis were performed using Microsoft Excel. To visualize Rab35, cells were permeabilized with 0.05% saponin in 80 mM Pipes, pH 6.8, 5 mM EGTA, and 1 mM MgCl~2~ for 1 min before fixation. Images were acquired with an Ultraview Vox spinning disk confocal microscope (PerkinElmer) using a 63× objective (1.3 NA) and Volocity software. Dark settings for acquired images were adjusted using linear adjustments in Adobe Photoshop CS4.

Immunoelectron microscopy
-------------------------

Control (L2-Luc) and ARH knockdown (L2-sh3) cells loaded with anti-megalin mouse 20B antibody for 60 min were fixed in 2% PFA for 30 min and in 4% PFA for 4 h in 0.1 M phosphate buffer, scraped from the culture dish, and centrifuged before being snap frozen in liquid nitrogen. Ultrathin cryosections (70--80 nm) were labeled with a goat anti--mouse IgG (bridging antibody) for 2 h, followed by a 12-nm gold--conjugated donkey anti--goat IgG for 1 h to visualize internalized megalin. Sections were then contrasted (10 min in 0.4% uranyl acetate and 1.8% methyl cellulose on ice) and imaging was performed using an electron microscope (1200 EX II; JEOL) equipped with an Orius CCD camera (Gatan, Inc.) and digital micrograph software (also from Gatan, Inc.; UCSD Cellular and Molecular Medicine Electron Microscopy Core). For quantification of megalin, ERC areas were selected based on their morphology and proximity to the nucleus and/or centrosome. Gold particles present at the ERC were counted from 17 individual sections for each cell type. Results were expressed as number of gold particles per profile of the ERC, and statistical analysis (mean, SEM, and Student's *t* test) was performed using Microsoft Excel.

Co-immunoprecipitation experiments and peptide displacement assays
------------------------------------------------------------------

MDCK-M4-ARH cells were lysed with Triton lysis buffer (0.5% Triton X-100, 50 mM Tris, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1 mM MgCl~2~, 1× Complete EDTA-free protease inhibitor, 1 mM Na~3~VO~4~, and 5 mM NaF), cleared by centrifugation for 15 min at 15,000 *g*, and protein concentration was determined by Bradford assay. Lysate (1 mg protein) was incubated with either 2 µg anti-HA antibody or control mouse IgG overnight at 4°C, after which 30 µl protein G beads were added to the lysates and incubated for 1 h. Beads were washed (3×) with 1 ml Triton lysis buffer and either treated with SDS sample buffer directly or incubated with 10--100 µM of megalin tail peptides (CMEVGKQPVIFENPMYAA or PVIFENPMYAAK), a control peptide, or diluted in Triton lysis buffer for 1 h before adding SDS sample buffer. Samples were boiled and analyzed by SDS-PAGE and immunoblotting.

Biotinylation studies
---------------------

Biotinylation studies were performed in L2 cells expressing M4-GFP, a mini-megalin receptor that contains its fourth ligand-binding domain (M4) and cytoplasmic tail but lacks ligand binding domains 1--3. L2-Luc or L2-sh3 cells in 60-mm dishes were washed with PBS supplemented with 1 mM MgCl~2~ and transduced with M4-GFP (MOI = 250) and transactivator TA (MOI = 50) adenoviruses (gifts from Ora Weisz, University of Pittsburgh, Pittsburgh, PA) for 1 h in serum-free medium. The medium was then replaced with DMEM supplemented with 0.5 µg/ml doxycycline and serum. 24 h later, cells were incubated in serum-free medium for 2 h before the start of the biotinylation assay. For surface biotinylation, cells were washed twice with PBS and incubated in 0.5 mg/ml Sulfo-NHS-SS-biotin (Thermo Fisher Scientific) in PBS on ice and then washed once with 50 mM NH~4~Cl to quench the unbound biotin. Endocytosis was resumed by adding warm serum-free DMEM supplemented with 5 nM lactoferrin (a natural ligand for megalin) and 50 µg/ml transferrin and incubating cells for 5--15 min at 37°C. Endocytosis was stopped by washing the cells with chilled PBS and placing the plates on ice. Biotin bound to cell surface proteins was stripped by incubating cells in 50 mM MESNA twice for 10 min. Cells were then lysed with 400 µl SDS lysis buffer, and biotinylated proteins were isolated over a NeutrAvidin column (Thermo Fisher Scientific) and analyzed by immunoblotting. For recycling assays, surface-biotinylated proteins were allowed to internalize at 37°C for 10 min, followed by stripping the biotin bound to the cell surface. The cells were again incubated at 37°C in serum-free medium (to allow the internalized biotinylated to recycle back to the PM), and at specified time points (25, 40, and 55 min) the cell surface--biotinylated proteins were once again stripped using MESNA. The biotinylated proteins that did not recycle back to the PM were then isolated on a NeutrAvidin column and analyzed by immunoblotting.

Preparation of membrane and cytosolic fractions
-----------------------------------------------

Preparation of membrane and cytosolic fractions was performed as described previously ([@bib2]). L2-Luc and L2-sh3 cells were switched to serum-free DMEM for 2 h, followed by treatment with 5 nM lactoferrin for 15 min. Cells were scraped and suspended in 3 mM imidazole buffer in 250 mM sucrose and homogenized using a tight Dounce homogenizer. Unbroken cells and nuclei were removed by centrifugation (1,200 *g*, 5 min) and the resulting postnuclear supernatants were centrifuged for 1 h at 100,000 *g* to yield the cytosolic fraction (100,000 *g* supernatant) and the membrane fraction (100,000 *g* pellet), which were resuspended in 2× sample buffer and analyzed by immunoblotting.

RT-PCR
------

Total RNA was isolated from each cell line using the RNeasy Mini kit (QIAGEN). First-strand cDNA was generated by RT-PCR using 4.5 mg total RNA from each cell line and the Superscript First Strand Synthesis System for RT-PCR (Invitrogen). PCR was performed using the Taq DNA polymerase (New England Biolabs, Inc.) and the following primers (Allele Biotechnology): 5′-TGGAATCTCCCTTGATCCTG-3′ and 5′-TGTTGCTGCCATCAGTCTTC-3′ for megalin, 5′-GGCAAGTTCAATGGCACAGT-3′ and 5′-TGGTGAAGACGCCAGTAGACTC-3′ for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and 5′-GGAACAGAGGCGGAGGAGCAT-3′ and 5′-GAAGTTGTGTGCCAGATTCTC-3′ for NHE3. The number of cycles and annealing temperature for the PCR were optimized to ensure a single PCR product that was within the linear range. The amplified PCR products were visualized, photographed (Chemi Doc XRS; Bio-Rad Laboratories), and quantified using Quantity One SW software (Bio-Rad Laboratories).

Online supplemental material
----------------------------

Fig. S1 (biotinylation assay) shows that the internalization of megalin is not affected by ARH depletion. Fig. S2 (immunogold electron microscopy) shows that ARH depletion reduces labeling of megalin at the ERC but does not affect the tubular morphology of the ERC. Fig. S3 shows that Y117D, a PTB domain mutation within ARH that perturbs its interaction with megalin, inhibits the trafficking of megalin to the ERC. Fig. S4 shows that adenovirus-mediated expression of ARH restores the trafficking of megalin in ARH-depleted cells. Fig. S5 shows that adenoviral expression of ARH R266A leads to fast recycling of megalin, and it was not able to fully restore its trafficking to the ERC. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201211110/DC1>.
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